Autophagosomal membranes are emerging as platforms for various cell survival and death signaling networks beyond autophagy. While autophagy-dependent cell death has been reported in response to a variety of stimuli, the underlying molecular mechanisms remain far from clear. Here, we demonstrate that inhibition of autophagosome completion by Atg2A/B deletion accumulates immature autophagosomal membranes that promote non-canonical caspase-8 activation in response to nutrient starvation via an intracellular death-inducing signaling complex (iDISC). Importantly, iDISC-induced caspase-8 dimerization and activation occurs on accumulated autophagosomal membranes and requires the LC3 conjugation machinery but is independent from the extrinsic pathway of apoptosis. Moreover, we have identified NF-κB signaling and c-FLIP as negative regulators of iDISC-mediated caspase-8 activation and apoptosis. Collectively, these findings reveal autophagosomal membrane completion as a novel target to switch cytoprotective autophagy to apoptosis.
Macroautophagy (hereafter called autophagy) is a highly conserved intracellular lysosomal degradation process that is mediated by the formation of double-membrane vesicles called autophagosomes. Autophagy can be broken down into five major steps: initiation, nucleation of autophagosomal membranes (isolation membranes or phagophores), membrane elongation, closure, and autophagosome-lysosome fusion (formation of the autolysosome). 1 The elongation step is accompanied by the conjugation of microtubule-associated protein 1 light chain 3 (LC3-I) to phosphatidylethanolamine (PE). The generation of LC3-PE (LC3-II) occurs through two ubiquitin-like conjugation reactions that covalently link the ubiquitin-like proteins Atg12 and LC3 to the substrates Atg5 and PE, respectively. LC3-II serves as a widely used marker of autophagosomes and also facilitates the selective recruitment of autophagic cargo by interaction with adapter proteins, such as p62. 2 The sealing of autophagosomal membranes allows for fusion with late endosomes and/or lysosomes for cargo degradation. While the upstream machinery of autophagy is well-characterized, the precise molecular mechanism of autophagosome completion remains unknown. Yeast Atg2 has been identified as an important regulator of autophagosome completion. 3, 4 Similarly, loss of the two functionally redundant mammalian homologs, Atg2A and Atg2B, impairs autophagic flux and accumulates proteinase-K-sensitive immature autophagosomal membranes to suggest a conserved role in mammalian cells. 5, 6 The crosstalk between apoptosis and autophagy is highly complex and context dependent. 7 Apoptosis is a strictly regulated cell death signaling pathway that is essential for organism development and homeostasis and can be initiated through extrinsic and intrinsic pathways. 8, 9 Activation of death receptors by death ligands triggers the Fas-associated protein with death domain (FADD)-dependent recruitment of procaspase-8 to the death-inducing signaling complex (DISC) for oligomerization and self-activation. 10 In contrast, intrinsic activation induces Bax/Bak oligomerization and mitochondrial outer membrane permeabilization to release pro-apoptotic factors for procaspase-9 activation. Caspase-8 and caspase-9 activate downstream executioner caspase-3/7 to initiate cell death. In addition, crosstalk between the extrinsic and intrinsic pathways exists via the caspase-8-mediated cleavage of Bid 11 or caspase-3-mediated activation of caspase-8. 12 While autophagy inhibits apoptosis to promote survival, autophagy has also been reported to facilitate cell death. 7 However, the molecular signaling events that dictate whether autophagy suppresses or enhances cell death remain unclear.
We and others have recently found that autophagosomal membranes serve as platforms for an intracellular deathinducing signaling complex (iDISC) that activates caspase-8 to initiate the apoptotic cascade. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Upon the formation of iDISC, procaspase-8 is recruited to the phagophore by two arms: (1) Atg12-Atg5: FADD: caspase-8; and (2) LC3-II: p62: caspase-8. Similar to its role in the canonical DISC, FADD serves as an adapter molecule for the recruitment of procaspase-8 to expanding phagophores via direct interaction with ATG5. 13, 14, 17, 19 Furthermore, p62 enhances canonical caspase-8 activation by binding poly-ubiquitinated caspase-8 at the DISC. 23 Likewise, the interaction of p62 and LC3-II on the iDISC promotes procaspase-8 recruitment and activation at phagophore membranes.
signaling and requires LC3-positive autophagic membranes, as the depletion of phagophores (3-MA treatment) or loss of the LC3 conjugation machinery (knockout of ATG5 or ATG7) suppresses iDISC-mediated apoptosis. 13, [15] [16] [17] 19 In this study, we demonstrate that accumulation of immature autophagosomal membranes by the loss of Atg2A/B promotes iDISC-mediated, non-canonical caspase-8 activation and apoptosis. Furthermore, we identify NF-κB as a pro-survival factor that inhibits iDISC-mediated caspase-8 activation via the upregulation of c-FLIP. Collectively, these studies are the first to use a genetic approach to shift cytoprotective autophagy to iDISC-mediated apoptosis and identify autophagosome completion as a critical step that can redirect autophagy to apoptosis.
Results
Loss of Atg2A and Atg2B impairs autophagic flux and accumulates immature autophagosomal membranes. Atg2A and Atg2B have been suggested to be essential for the autophagosome completion step; 5, 6 therefore, we first determined if depletion of Atg2A and Atg2B accumulates immature autophagosomal membranes to promote the iDISC assembly for the induction of apoptosis. To this end, CRISPR/ Cas9-mediated genome editing was employed to disrupt the expression of Atg2A and Atg2B (CrAtg2A/B) in THP-1 cells (Figure 1a) , a pediatric acute myeloid leukemia (AML) cell line that is resistant to canonical caspase-8 activation due to the lack of DR4 and DR5 expression. 24, 25 Autophagic flux was assessed by culturing cells in complete or starvation (amino acid and serum-free) medium and in the presence or absence of the lysosomal inhibitor Bafilomycin A1 (BafA1) prior to immunoblotting for the autophagosome marker LC3-II and autophagic substrate p62. 26 Consistent with previous reports, 6 the loss of Atg2A/B significantly impairs basal and starvation-induced autophagic flux, as evident by the strong accumulation of p62 and LC3-II in CrAtg2A/B cells that is not further enhanced by BafA1 compared with wild-type cells (WT) (Figures 1b and c) . Autophagic flux was further assessed using tandem fluorescent-tagged LC3 (tfLC3; RFP-EGFP-LC3), in which differences in pK a result in the fluorescence quenching of EGFP but not RFP within the acidic environment of autolysosomes. 26, 27 Consistent with immunoblotting, RFP To determine if Atg2A/B depletion impairs autophagosome completion, cells were starved and stained for a phagophore marker Atg16L1, which associates with Atg12-Atg5 at elongating phagophores and is released upon autophagosome completion. 1, 28 We found that CrAtg2A/B cells strongly accumulate p62-positive Atg16L1 puncta (Figure 1e ) to indicate a defect in autophagosome completion. Next, we sought to directly visualize autophagosome structures by transmission electron microscopy (TEM). While electrondense autolysosomal structures are abundant upon starvation of WT cells, CrAtg2A/B cells accumulate immature autophagosomal membranes that fail to be degraded (Figure 1f) , which is consistent with a defect in autophagosome completion. Conclusively, these data indicate that the loss of Atg2A and Atg2B impairs autophagic flux and autophagosome completion to accumulate immature autophagosomal membranes.
Accumulation of immature autophagosomal membranes sensitizes cells to caspase-8-dependent apoptosis. Upon prolonged incubation in starvation medium, we found that Atg2A/B deficiency significantly reduces cell viability (Figure 2a) . Consistent with iDISC-mediated apoptosis, starvation induces the cleavage and activation of caspase-8 and caspase-3/7 in CrAtg2A/B cells (Figures 2b-d) . If caspase-8 is the initiator caspase for apoptosis, inhibition or loss of caspase-8 is expected to suppress caspase-3/7 activation. As expected, starvation-induced caspase-3/7 activity is blocked not only by the pan caspase inhibitor Z-VAD-FMK but also by the caspase-8 inhibitor Z-IETD-FMK to suggest caspase-8 is an initiator caspase (Figure 2e ). To further confirm the result, we knocked out caspase-8 in CrAtg2A/B cells using CRISPR/Cas9 (Figure 2f ). Caspase-8 depletion in CrAtg2A/B cells significantly suppresses the starvation-induced activation of caspase-3/7 to suggest that caspase-8 initiates the apoptotic cascade (Figure 2f ). Of note, caspase-3/7 remains slightly activated in CrAtg2A/B cells lacking caspase-8 to suggest that the loss of autophagy may partially sensitize cells to mitochondrial apoptosis during starvation ( Figure 2f) ; a result consistent with the cytoprotective role of autophagy during nutrient deprivation. [29] [30] [31] To confirm that caspase-8 is directly activated via the iDISC rather than a result of mitochondrial feedback upon starvation, we knocked out caspase-9 in CrAtg2A/B cells (Figure 2g ). In support of the iDISC model, the loss of the intrinsic apoptotic pathway does not affect the initial activation of caspase-8 and caspase-3/7 in starved CrAtg2A/B cells (Figure 2h ). However, at later time points, the loss of caspase-9 partially suppresses caspase-8 and caspase-3/7 activity in CrAtg2A/B cells to indicate that the initial activation of caspase-8 upon starvation is independent of intrinsic apoptotic pathway, but the mitochondrial feedback contributes to the full activation of caspase-8 and caspase-3/7 ( Figure 2h ). Next, we sought to determine if caspase-8 is initiated independent of the extrinsic apoptosis pathway. As THP-1 cells are inherently resistant to TRAIL-induced apoptosis due to the lack of DR4 and DR5 expression (Supplementary Figure 1) , we depleted Atg2A/B in TRAIL-sensitive HeLa cells (Supplementary Figure 2) . Consistent with THP-1 cells, the loss of Atg2A/B sensitizes HeLa cells to starvation-induced cell death (Figure 2i ). Importantly, the loss of Atg2A/B fails to further enhance TRAIL-induced apoptosis (Figure 2j ), indicating that starvation-induced caspase-8 activation is initiated independent of the extrinsic apoptotic pathway. To determine if the phenotypes observed in CrAtg2A/B cells are due to the loss of Atg2A/B, CrAtg2A/B cells were transduced with lentiviruses encoding gRNAresistant GFP-Atg2A (GFP-Atg2A R ). We found that the expression of GFP-Atg2A R is sufficient for restoring the defect in p62 clearance ( Figure 3a ) and suppresses The LC3 conjugation machinery is required for the noncanonical activation of caspase-8. Autophagy is an essential survival pathway for many cancer cells; thus, the inhibition of autophagic degradation may severely impair the cellular stress response to starvation to result in cell death. 32 To determine if the enhanced caspase-8 activation and apoptosis in CrAtg2A/B cells upon starvation is not simply due to the loss of autophagic degradation, we generated Atg7-deficient cells (CrAtg7) that are defective in LC3 conjugation ( Figure 4a ) and unable to assemble the platforms for iDISC assembly and procaspase-8 recruitment. Despite impaired autophagy, CrAtg7 cells fail to activate caspase-8 or caspase-3/7 in response to starvation compared with CrAtg2A/B cells (Figures 4b and c) . Moreover, the loss of Atg7 does not induce significant apoptosis upon starvation (Figure 4d ). To further demonstrate that the LC3 conjugation machinery is required for starvation-induced caspase-8 activation in Our previous data show that procaspase-8 can be recruited to the iDISC assembly sites via the Atg12-Atg5: FADD and p62: LC3-II arms. 13 To determine if these two arms are functionally redundant, we generated FADD-deficient, p62-deficient, and FADD and p62 double-deficient CrAtg2A/B cells (Figure 4f ). We found that starvation-induced caspase-8 activation is only marginally suppressed in CrAtg2A/B cells upon the loss of FADD or p62; however, depletion of both FADD and p62 in CrAtg2A/B cells significantly suppresses caspase-8 activation (Figure 4f; Supplementary Figure 3) . Collectively, these results indicate that the two arms of iDISC are functionally redundant and the LC3 conjugation machinery is required for starvationinduced apoptosis in CrAtg2A/B THP-1 cells.
Loss of Atg2A/B promotes starvation-induced procaspase-8 dimerization on immature autophagosomal membranes. We next performed the bimolecular fluorescence complementation (BiFC) assay to investigate whether procaspase-8 dimerization occurs on immature autophagosomal membranes in CrAtg2A/B cells. The BiFC assay allows for the visualization of protein-protein interactions by the irreversible reconstitution of a full-length fluorescent protein. 33 To evaluate caspase-8 dimerization in the absence of activation and cytotoxicity, the catalytically inactive caspase-8(C360A) mutant was fused to non-fluorescent N-terminal (VN155 (I152L)) and C-terminal (VC155) fragments of Venus. 13 Fulllength fluorescent protein is generated by the reconstitution of VN155(I152L) and VC155 fragments upon caspase-8 dimerization. Consistent with the iDISC model, starvation-induced caspase-8(C360A) BiFC signals in CrAtg2A/B cells are positive for Atg16L1 and p62 (Figures 5a and b) , indicating caspase-8 dimerization occurs on immature autophagosomal membranes. Moreover, caspase-8 dimerization is significantly induced by starvation in Atg2A/B-deficient cells compared with non-starved conditions as well as starved WT cells (Figure 5c ). To more directly assess caspase-8 localization, we performed immunogold labeling of Venus protein for TEM analysis. Indeed, caspase-8(C360A) localizes to immature autophagosomal membranes in starved CrAtg2A/B cells (Figure 5d ). To confirm that endogenous caspase-8 is recruited to immature autophagosomal membranes for dimerization and activation, we established the in situ proximity ligation assay (PLA) using anti-p62 and anti-procaspase-8 antibodies. PLA is an antibody-based approach that detects endogenous protein interactions through the hybridization, rolling circle amplification, and fluorescence detection of complementary DNA strands. 34 Consistent with BiFC and immunogold TEM, p62 and procaspase-8 PLA signals are selectively induced in Starvation promotes caspase-8 activation by suppression of NF-κB signaling and downregulation of c-FLIP. While CrAtg2A/B cells strongly accumulate p62 and immature autophagosomal membranes under basal and starvation conditions, cells only activate caspase-8 and initiate apoptosis when starved. In addition to its autophagic and apoptotic functions, p62 promotes NF-κB signaling for cell survival, [35] [36] [37] and p62 accumulation in response to autophagy inhibition is sufficient to activate NF-κB signaling. 38, 39 As NF-κB directly regulates the expression of c-FLIP (cellular FLICE-inhibitory protein), a well-established inhibitor of caspase-8, [40] [41] [42] [43] we hypothesized that the accumulation of p62 in CrAtg2A/B cells promotes NF-κB signaling and c-FLIP expression to limit iDISC-mediated caspase-8 activation under basal conditions. CrAtg2A/B cells (Figures 6d and e) . To determine whether NF-κB directly modulates iDISC-mediated apoptosis, we treated WT, CrAtg2A/B, and CrAtg7 cells with the selective IKK inhibitor BMS-345541 under nutrient-rich conditions. While BMS-345541 downregulates c-FLIP expression in both WT and CrAtg2A/B cells (Figure 6f ), the induction of apoptosis is only observed in CrAtg2A/B cells but not autophagy-competent WT cells or iDISC-deficient CrAtg7 cells (Figure 6g) . Moreover, BMS-345541 selectively induces the time-dependent activation of caspase-8 in CrAtg2A/B cells but not WT or CrAtg7 cells (Figure 6h) , suggesting that the accumulation of immature autophagosomal membranes in CrAtg2A/B cells 'primes' cells for iDISC-mediated caspase-8 activation. Conclusively, our data demonstrate that pro-survival NF-κB signaling promotes c-FLIP expression to limit iDISC-mediated caspase-8 activation in CrAtg2A/B cells under nutrient-rich conditions. 12 h and subjected to Annexin-V and 7-AAD staining followed by flow cytometry analyses; or (h) for 3, 6, 9, 12 and 24 h and subjected to caspase-8 activity assays. All values are mean ± S.D. (n = 3). **Po0.01, ***Po0.001, ****Po0.0001
Loss of Atg2A/B promotes iDISC-mediated apoptosis Z Tang et al membranes in CrAtg2A/B cells to initiate the apoptotic cascade in a manner that is independent of canonical apoptosis pathways. Moreover, caspase activation requires the LC3 conjugation machinery to demonstrate that autophagic membranes can promote the non-canonical activation of caspase-8. Finally, our data reveal that NF-κB signaling serves as a pro-survival pathway to limit basal caspase-8 activation in CrAtg2A/B cells via the upregulation of c-FLIP. Suppression of NF-κB signaling by nutrient starvation or pharmacological inhibition results in the rapid downregulation of short-lived c-FLIP to allow for iDISC-mediated activation of caspase-8 in CrAtg2A/B cells. Autophagy promotes tumor growth by providing energy and building blocks that are required to support the proliferative and metabolic demands in the tumor microenvironment. High autophagic flux is associated with poor patient prognosis, enhanced metastasis, and resistance to chemotherapy. 44 As a result, over a dozen clinical trials have investigated the use of two FDA-approved lysosomal inhibitors, chloroquine and hydroxychloroquine, as a mechanism to impair autophagic flux and enhance chemotherapeutic efficacy. 45 Despite being well-tolerated and inhibiting autophagy in vivo, only moderate to marginal improvements in efficacy have been reported. 45 Moreover, chloroquine is a lysosomotropic agent that has autophagy-independent effects. Indeed, chloroquine promotes cell death in both autophagy-competent and -deficient cells (Supplementary Figure 4) . Our results suggest that selectively blocking autophagic flux by inhibition of autophagosome completion serves as a novel strategy to take advantage of the high pro-survival autophagic flux of cancer cells for iDISC-mediated apoptosis. Therefore, autophagosome completion is an attractive target for the future development of autophagy inhibitors for cancer therapy.
While we propose that inhibition of autophagosomal membrane closure is a novel approach for cancer therapy, our limited knowledge of the molecular mechanism of autophagosome completion presents a barrier for translation. In fact, there are currently no selective pharmacological inhibitors that block autophagy at the completion step. The ER-resident protein vacuole membrane protein 1 (VMP-1) presents an alternative gene target for autophagosome completion, as VMP-1 depletion promotes the accumulation of phagophores. 5 A better understanding of the signaling networks regulating phagophore closure will allow for the development of more selective inhibitors of autophagosome completion. However, current progress in understanding the molecular mechanism is hindered by the lack of appropriate high-content assays that can distinguish open and closed autophagosomal structures. Therefore, further assay development is also needed.
We have also revealed that the accumulation of immature autophagosomal membranes upregulates c-FLIP through NF-κB signaling to limit iDISC-mediated caspase-8 activation and apoptosis. It has been shown that p62 promotes TRAF6 oligomerization and polyubiquitination for IKK and NF-κB activation. [35] [36] [37] As TRAF6 is decreased in response to the iDISC-inducer bortezomib to coincide with autophagydependent apoptosis, 46 we propose that TRAF6 may mediate NF-κB activation in response to p62 accumulation in CrAtg2A/ B cells to suppress iDISC-mediated apoptosis. Furthermore, while knockdown of c-FLIP promotes significant caspase-8 activation in CrAtg2A/B cells, inhibition of NF-κB results in a more robust activation of caspase-8 that mimics starvation, suggesting that NF-κB may drive the expression of additional unknown regulators of iDISC activation. Ultimately, combination of inhibitors of autophagosome completion and NF-κB signaling may be necessary to robustly induce iDISC-mediated apoptosis for cancer therapy.
Interestingly, in addition to the initiation of apoptosis, phagophores are emerging as unique signaling platforms for necroptosis and MAPK/ERK signaling. 47, 48 In fact, the Atg5-and p62-dependent recruitment of necrosome components (RIPK1, RIPK3 and MLKL) to phagophores has been reported to be critical for the activation of necroptosis. [47] [48] [49] As caspase-8 can directly suppress the activation of necroptosis via the cleavage and inactivation of RIPK1, 50 elucidating the crosstalk between iDISC and necrosome signaling on autophagosomal membranes is of great interest. Moreover, we propose that inhibition of autophagy at the autophagosome completion step by the loss of Atg2A/B will allow for the further investigation of autophagosomal membranes as dynamic cellular signaling platforms beyond serving as a means for autophagic cargo degradation.
Collectively, we have identified the last step of autophagosome formation as a novel target to switch cytoprotective autophagy to apoptosis through the non-canonical activation of caspase-8 on immature autophagosomal membranes. While the biological relevance of iDISC-mediated cell death under physiological conditions has not been established, several studies have demonstrated the importance of key autophagy genes (e.g., Atg5, Atg7) in programmed cell death during the development of Arabidopsis thaliana and Drosophila melanogaster. [51] [52] [53] [54] The fact that both the LC3 conjugation machinery and caspase activation are required for developmental programmed cell death in these organisms suggests that iDISC-mediated apoptosis may have a physiological role and this will require further investigation. Nevertheless, targeting autophagosome completion for the initiation of iDISC-mediated apoptosis provides a timely and novel chemotherapeutic strategy to redirect cytoprotective autophagy to cell death in cancer cells that frequently display high autophagic flux and resistance to canonical apoptotic signaling.
